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Abstract
On a coral reef coast near Point Kin located in central Okinawa, a large-scale excavation of the sandy beach was carried out by
the American armed forces after WWII and sandy beach disappeared. However, after the excavation, the sandy beach was rapidly
recovered. In this study, the rate of sand supply from the reef was estimated on the basis of change in foreshore area after the
excavation of the shoreline area by using aerial photographs. It was concluded that sand supply of 0.5-0.8 m3/m/yr could be
anticipated in the long term.
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1. Introduction
On a reef coast, coral debris and foraminifer remains could be transported landward by wave action, resulting in
the formation of a sandy beach. For example, in Funafuti Atoll in Tuvalu located in the south Pacific Ocean, Tropical
Cyclone Bebe hit the islands on October 21, 1972, and a large amount of coral debris was deposited on the reef flat
(Maragos et al., 1973). The entire deposited volume of coral debris during this storm event was estimated to be
1.4×106 m3, and a rampart of 3.5 m height and 37 m width was formed over an 18 km length of the shoreline. The
deposition rate per unit length reached 77 m3/m. Although this example shows that an islet could be developed by
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storm waves during cyclones, the evaluation of the sand supply from the coral reef is important in terms of the
conservation of the coral reef coast. Uda (1988) observed the same phenomenon that coral debris was deposited on
the shoreline by storm waves during storm surges on an islet in the Maldives. In those studies, the sand supply from
the coral reef during the extreme events was estimated instead of the mean sand supply over a long-term period. A
large-scale excavation of the sandy beach was carried out around Point Kin in central Okinawa by the American
armed forces after WWII and the sandy beach disappeared. However, after the excavation, the sandy beach was
rapidly recovered. This means that sand supply from the coral reef over a long term could be estimated by
investigating the change in sand volume of the beach. When the amount of sand supply from the coral reef is known,
the development of a sandy beach could be numerically simulated, as shown by Kobayashi et al. (2008) and Uda et
al. (2014), using the BG model (a three-dimensional model for predicting beach changes based on Bagnold’s concept)
(Serizawa et al., 2006). Therefore, the evaluation of sand supply from the coral reef as a boundary condition is
important. In this study, the coral coast near Point Kin located in central Okinawa was taken as an example, and long-
term beach changes were investigated using aerial photographs.
2. General conditions of study area
The study area is the coral coast north of Point Kin located in central Okinawa, as shown in Fig. 1. Figure 2 shows
the aerial photograph taken in February 2007 of the rectangular area shown in Fig. 1. Itaya et al. (2009) first studied
this area, and found that the sandy beach had been restored owing to the shoreward sand transport due to waves on
the reef flat, although the sandy beach had completely disappeared as a result of a large-scale excavation of the sandy
beach after WWII. They estimated the entire volume of sand deposited on the beach between 1977 and 2007 on the
north side of the Okukubi River mouth to be 1.32×104 m3 and the rate of increase in the sand volume between 1990
and 2007 to be 200 m3/yr (0.5 m3/m/yr) on the basis of the shoreline changes.
Similarly, although the sandy beach disappeared
on the entire coasts east of Gimbal Training Ground
and south of the Okukubu River mouth, as shown in
Fig. 2, because of sand mining on the beach by the
American armed forces up to 1946, since then the
sandy beach had significantly recovered following
the deposition of sand supplied from the coral reef.
Therefore, the long-term sand supply from the reef
was estimated in these two areas by analyzing the
shoreline changes using past aerial photographs
together with the information of the change in
longitudinal profile. Itaya et al. (2009) measured and
showed longitudinal profiles along 12 transects in the
study area in February 2009 and estimated the
characteristic height of beach changes, which is
defined as the regression coefficient between the
change in cross-sectional area and the shoreline
change, to be 2 m. They also showed that the median
diameter of the foreshore material was 0.5 mm. In
addition, the significant height of the waves with a
1% probability of occurrence of once a year was H1/3
= 4.5 m (T1/3 = 11 s) on the basis of wave observation
data taken between 1996 and 2005 (NOWPHAS
Nakagusuku Bay) and the energy mean wave height
was 1.2 – 1.8 m (Itaya et al., 2009).
Fig. 1. Satellite image around Point Kin in central Okinawa.
Fig. 2. Aerial photograph between Gimbal Training Ground and Point
Kin taken in February 2007.
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3. Beach changes on coast in front of Gimbal Training Ground
3.1. Comparison of aerial photographs
The rectangular area a, as shown near the north end of Fig. 2, is the study area. The hinterland of area a is the
Gimbal Training Ground of the US Marine Corps, and area a is separated into pocket beaches 1 and 2. The larger
pocket beach is pocket beach 1 of 570 m length, whereas pocket beach 2 of 280 m length is surrounded by a tombolo
extending to the small island and a rock located at the boundary between pocket beaches 1 and 2. Because there are
no sea cliffs composed of unconsolidated layers to supply sand and no rivers flowing into the study area, the only
sand supply source is the coral reef.
In 1946, there was a wide sandy beach in the study area, as shown in Fig. 3(a). When denoting the connecting
point between the headland at the north end and the shoreline as A, the point where the shoreline orientation
significantly changes as B, and the small island located at the south end as C, a sandy beach of 30 m width
continuously extended between A and B. Furthermore, a sandy beach of 20 m width extended between B and C. In
this period, it is observed that northward flow was dominant in the lee of island C, because a funnel-shaped channel
had formed northward crossing the central part of the cuspate foreland behind the island. Although a tombolo exists
behind island C at present, a narrow channel was formed behind the island in 1946, permitting northward flow
through the channel.
Up to 1971, marked beach changes took place and the wide sandy beach completely disappeared, as shown in Fig.
3(b), where the shoreline position in 1946 is also shown. Taking into consideration that this pocket beach had long
been stable, its sudden disappearance of the sandy beach is considered to be a result of anthropogenic factors. After
WWII, a large amount of sand was mined from the sandy beach by the American armed forces to obtain material for
the basement of runways, and in the study area, the same activity was assumed to be carried out. Not only did the
sandy beach of pocket beaches 1 and 2 disappear but the cuspate foreland behind island C also disappeared.
By 1977, the sandy beach was still nonexistent, similarly to the condition in 1971, but the foreshore area was
slightly increased compared with that in 1971, as shown in Fig. 3(c). The formation of a number of streak patterns
Fig. 3. Beach changes in front of Gimbal Training Ground between 1946 and 2007.
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extending shoreward from the offshore zone on the reef flat implies that sand could be transported by the shoreward
sand transport reported by Tanimoto et al. (1989), resulting in the increase in foreshore area. Note that the basement
and beach rocks of approximately 25 m width extending parallel to the shoreline appeared. The offshore marginal
line of these rocks superimposes the shoreline in 1946 shown by the solid line. This implies that the beach rock has
been formed on the basement of the sandy beach in 1946, and the beach rocks were exposed to waves because sand
on these beach rocks was transported away.
In 1984, the sandy beach was further recovered compared with the condition in 1977, and a white sandy beach
can be seen along the boundary between land and sea, as shown in Fig. 3(d). In particular, the recovery of the sandy
beach from point B to the lee of island C was marked. This is considered to be due to the wave-sheltering effects of
island C and surrounding natural rocks. Moreover, the basement and beach rocks can be clearly observed in this
aerial photograph.
Although the beach condition in 1990 was very similar to that in 1984, a slender tombolo extended behind island
C (Fig. 3(e)). Furthermore, in 1997, the width of the tombolo increased, obstructing the exchange of the tidal currents
between the south and north coasts via a narrow channel (Fig. 3(f)). The beach width was further increased compared
with that in 1990. In 2007, a large tombolo developed behind island C (Fig. 3(g)). Compared with the beach width
in 1971, it is clear that the sandy beach was widened up to 2007. In Fig. 3(g), the locations of transect Nos. 10 and
11, where the longitudinal profiles were measured, are shown.
3.2. Site observation
Site observation was carried out while walking northward along the shoreline from the top of island C on
November 16, 2008, as shown in Fig. 3(g). First, Fig. 4 shows the tombolo connecting between the land and the small
island C. It is seen that the seabed elevations on the two sides of the tombolo differ, with a higher elevation on the
north side, implying that the wave intensity on the north side is higher than that on the south side, causing a larger
shoreline embayment. Figure 5 shows the foreshore with the slope of 1/8 at point P, as shown in Fig. 4, and coral
debris and shells with the diameter ranging between 2 and 20 mm were deposited on the foreshore at the same point
(Fig. 6). Thus, it was confirmed that the material composing the tombolo was supplied from the coral reef.
Figure 7 shows the break in slope between the foreshore and the offshore reef flat seaward of point P. The
foreshore composed mainly of coral debris was clearly separated from the offshore reef flat. The formation of a break
in the slope is considered to be due to the equilibrium slope of gravel being as steep as 1/8, which is much steeper
than that of the reef flat, and such material should be forcibly transported shoreward over the flat reef by wave action
(Uda et al., 2014).
Figure 8 shows the north coast photographed from the berm near transect No. 11, as shown in Fig. 3(g). The sandy
beach was formed on the landward side of the beach rocks. Figure 9 shows a part of the beach rock thrown up to the
foreshore by waves, and on the side of this rock, beach rocks were produced by the consolidation of coral debris, as
Fig. 4. Tombolo behind island C, looking
from on top of island C shown in Fig. 3
(November 16, 2008).
Fig. 5. Foreshore near point P shown in Fig. 4
(November 16, 2008).
Fig. 6. Foreshore material composed of coral
debris at point P (November 16, 2008).
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shown in Fig. 10. From this photograph, it was confirmed that coral debris originating from the coral reef were
accumulated on the shoreface owing to wave action and then beach rocks were formed following their consolidation.
3.3. Shoreline changes
Figure 11 shows the shorelines measured in 1946, 1977 and 2007, together with the distribution of rocks with
lower and higher elevations, and beach rocks. It is seen that although the shoreline rapidly retreated from 1946 and
1977, approximately one-quarter of the entire shoreline changes recovered by 2007, and the exposed beach rocks had
been formed at the central part of the foreshore in 1946. Figure 12 shows
the changes in the foreshore areas of pocket beaches 1 and 2. The
foreshore area of pocket beach 1 monotonically increased, and that of
pocket beach 2 also increased until 1991 and thereafter, they approached
a constant level. The rate of increase in the foreshore area in the entire
study area between 1977 and 1997 was 340 m2/yr. By dividing this rate
by the shoreline length of 850 m and multiplying by the characteristic
height of beach changes of 2 m estimated by Itaya et al. (2009), the sand
supply per unit shoreline length from the coral reef became 0.8 m3/m/yr.
The foreshore area of pocket beach 2 reached a constant level by 1997,
and the reasons are that the tombolo behind island C had sufficiently
developed and the sand deposition zone was filled with sand.
Fig. 8. Beach rocks developed north of
transect No. 11, as shown in Fig. 3(g).
Fig. 9. Destroyed beach rock (November 16,
2008).
Fig. 10. Cemented coral debris of beach rock
(November 16, 2008).
Fig. 11. Shoreline changes of coast in front of Gimbal Training
Ground.
Fig. 12. Change in foreshore area of coast in front of Gimbal
Training Ground with reference to shoreline in 1977.
Fig. 7. Break in slope between the foreshore
and the reef flat.
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4. Beach changes between Okukubi River mouth and Point Kin
4.1. Comparison of aerial photographs
A pocket beach of 1.3 km length extends between the Okukubi River mouth and Point Kin. The shoreline changes
of this pocket beach between 1946 and 2007 were investigated using aerial photographs. In 1946, a natural pocket
beach extended, as shown in Fig. 13(a), and the river mouth had an opening of 20 m length separated by the sand
bars on both sides of the river mouth. On the reef flat offshore of the river mouth, sand supplied from the river mouth
was observed to be deposited in a semicircular area of approximately 500 m radius, whereas a sandy beach of 30 m
width extended south of the river mouth, but the shoreline had a small discontinuity at natural rocks A and B. Similar
to this, a sandy beach of 20 m width continuously extended on the north side of the river mouth between the foot of
the headland and the river mouth.
In 1971, the sandy beach suddenly disappeared between A and B, although the size of the sand bar on the right
side of the river mouth was maintained as it was, as shown in Fig. 13(b). On the other hand, no changes occurred on
the sandy beach south of the Blue Beach Training Ground, and the beach condition on the north coast of Point Kin
markedly differed from that on the south coast. The cause is considered to be the sand mining carried out at the north
beach by the American armed forces. In 1977, as shown in Fig. 13(c), the beach in the study area remained eroded,
whereas there remained a wide sandy beach south of the Blue Beach Training Ground. In particular, although rock
A was buried under the beach in 1946, the rock was isolated in the sea by 1977. On the other hand, on the reef flat
offshore of rocks A and B, several sand bodies, which corresponded to the collected shoreward sand transport, could
be observed.
Fig. 13. Aerial photographs between Okukubi River mouth and Point Kin between 1946 and 2007.
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In 1984, a port breakwater was extended south of the Okukubi River mouth and a navigation channel was
excavated from the port (Fig. 13(d)). At the same time, a vertical wall was constructed for a 300 m distance from the
port with the initiation of the construction of the seawall near point A. Moreover, a stretch of land was suddenly
formed between A and B, implying that land reclamation was carried out. On the offshore reef flat, the sand
deposition zone further moved shoreward compared with that in 1977.
By 1990, the port breakwater was markedly extended up to 350 m, and the wave-sheltering effect was apparent
near the shoreline behind the breakwater (Fig. 13(e)). The coastline was separated into two portions, the river mouth
and the coast south of the mouth, owing to the construction of the port breakwater. Simultaneously, the width of the
navigation channel extending from the port offshore increased from 25 m in 1984 to 40 m. Moreover, a gently sloping
revetment was being constructed southward near point A parallel to the shoreline. In the offshore reef flat, the sand
deposition area in 1984, as shown by the broken line, further moved shoreward. Sand transported by the shoreward
sand transport was deposited on the shoreline, and the foreshore area clearly increased south of point B compared
with the shoreline in 1977. Similarly, sand deposition zones identified from the previous aerial photograph are shown
by the broken lines in each aerial photograph. It is seen that the sand deposition zone in successive periods came near
the shoreline.
By 1997, a gently sloping revetment was constructed southward from point A, resulting in the recovering foreshore
being buried under the concrete revetment (Fig. 13(f)). In 2003, the navigation channel extending offshore from the
port was partly buried with sediment transported from the Okukubi River (Fig. 13(g)). In 2007, the foreshore was
markedly widened south of point B owing to the deposition of sand transported by shoreward sand transport, and the
shoreline in 1946 had been recovered (Fig. 13(h)).
4.2. Shoreline changes
The shoreline changes and the change in foreshore area b since 1977 are shown in Figs. 14 and 15, respectively.
The foreshore area suddenly increased between 1977 and 1984, and this is assumed to be due to land reclamation.
Therefore, the calculated increase in the foreshore area since 1984 without artificial alteration was 270 m2/yr. When
multiplying the characteristic height of beach changes of 2 m estimated from the profile change data, the rate became
540 m3/yr. Because the shoreline length where the rate of increase of the foreshore area was estimated is 1150 m (X
= 500 - 1650 m) south of the port, the rate of shoreline advance and sand supply per unit shoreline length became
0.24 m/yr and 0.47 m3/m/yr, respectively.
Fig. 14. Shoreline changes between Okukubi River mouth and Point
Kin between 1946 and 2007.
Fig. 15. Change in foreshore area between Okukubi River
mouth and Point Kin with reference to the shoreline in 1977.
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5. Longitudinal profiles along two transects
Owing to the reexamination of beach profiles along 12 transects taken in the entire study area in February 2009,
marked characteristics were observed along transect Nos. 10 and 11, as shown in Fig. 3(g). Figure 16 shows these
profiles with high water level, HWL, +0.97 m above mean sea level, mean sea level MSL +0.04 m and low water
level, LWL, -1.13 m. Along transect No. 10 crossing the tombolo, a triangular sandy beach was formed owing to
wave action from both sides. Because the seabed elevation on the north side was -0.3 m and the berm height was
+1.7 m, sand transport was assumed to occur within the sum of these heights, and this value and the characteristic
height of beach changes estimated by Itaya et al. (2009) are in good agreement. Along transect No. 11 crossing beach
rocks, the berm height was +1.7 m above MSL with a foreshore slope of 1/4. On the other hand, the beach rocks
shown at two locations in Fig. 16 inclined seaward with a slope of 1/8.
6. Conclusions
The rates of sand supply in the entire area of pocket beach 1 in front of the Gimbal Training Ground during 1977
and 1997 and in the area between the Okukubi River mouth and Point Kin since 1984 were estimated to be 0.8 and
0.47 m3/m/yr, respectively. The latter value is approximately equal to the rate of 0.5 m3/m/yr estimated in the area
immediately north of the Okukubi River mouth by Itaya et al. Thus, in the study area of the reef coast, sand supply
of 0.5-0.8 m3/m/yr could be anticipated in the long term. In this study, the rate of sand supply from the reef was
estimated during the period when the entire volume of sand monotonically increased after an artificial impact to the
coral reef coast. The foreshore area steadily increases over time, if such deposition of sand continues to occur for a
prolonged period. In fact, this is unrealistic, and calcium in the accumulated coral debris may elute, and the decrease
in sand volume owing to the abrasion of coral gravel may take place. These remain unsolved in this study.
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